Abstract-This paper presents an improved direct torque control scheme with space vector modulation techniques (DTC-SVM) for induction motors to eliminate the disadvantages of the traditional DTC-SVM scheme at low speed, speed step changing and torque step changing. Unlike the traditional DTC-SVM using PI controllers in the speed, flux and torque control loops, the improved DTC-SVM scheme uses Fuzzy-PI controllers in these control loops. Simulations with the deferent operating conditions for the presented DTC-SVM scheme and conventional DTC-SVM scheme are carried out in the Matlab/Simulink platform. According to the simulation results, the improved DTC-SVM scheme with Fuzzy-PI controllers produce better performances in terms of response, efficient of flux and speed regulations with dynamic load.
INTRODUCTION
Previously, DC motors are normally used in the systems which requires high performances of precise and wide range speed control, Since they have the advantages of good starting-up, wide speed range, smooth speed regulation, and easy to be controlled. Therefore, the DC motors have the mechanical commutator and brush which make the maintenance of them relatively difficult. They still have the disadvantages of big size, high cost and short lifetime. On the contrary, AC motors, especially the squirrel cage induction motors, have the characteristics of simple structure, good reliability, and low costs. Additionally, they can be used in harsh environments. With the progress of the power electronics, microelectronics and digital control technology, as well as the development of the control theory, AC motors have the comparable speed regulation performance like DC motors. Nowadays, variable speed AC motors have been widely used in the industry, mining, agriculture and transportation fields [1] [2] [3] .
AC motor is a complex, nonlinear, multivariable, strong coupling and parameter time-varying system. The precise control of speed and electromagnetic is the main problem of the induction motor application system. So, the effective control of the induction motor is always an active research area in the world [4] . Several scalar based control and vector based control strategies for induction motor have been proposed in the past decades. Scalar based control methods, such as the constant voltage/frequency control method, are easily to be implemented, but the performance of this kind of control method is not good enough [5] . Unlike scalar based control methods, the vector based control methods allow the control of amplitude of voltage and frequency simultaneously. And they also provide instantaneous position of the current, voltage and flux vectors. The dynamic performance of the induction motors is improved significantly with the use of vector based control method [6] . However, the induction motor has a nonlinear structure and there is a coupling between flux and the produced electromagnetic torque in the motor [7] . In order to solve those problems, several methods for decoupling torque and flux, such as: Field Oriented Control (FOC) [8] , Feedback Linearization Control (FLC) [9] , Passivity Based Control (PBC) [10] and Direct Torque Control (DTC) [11] have been proposed in the past decades.
FOC methods were investigated and discussed by many researchers and have now become an industry standard. In FOC method, Decoupling of two components of stator currents (flux and torque producing components) is achieved as DC machines to provide independent torque control. However, FOC technique is complex and difficult to be implemented, because it requires reference frame transformation and is dependent on the mechanical speed and motor parameters. In order to overcome these difficulties, DTC strategy was proposed by Takashiand Noguchi in 1980s. In the conventional DTC methods, large flux and torque ripples, as well as non-constant switching frequency of the inverter are the main problems [12] . Many attempts have been taken to overcome these limitations in the last years.
A popular solution to reduce torque ripple of the conventional DTC drive is using the space vector modulation techniques. This kind of control method is called DTC-SVM scheme [13] . Comparing with the conventional DTC system, the hysteresis controllers are replaced by the PI controllers, and the switching table is replaced by the space vector modulator. Generally, the error vector in flux and torque can be compensated, and the DTC-SVM can operate at a constant switching frequency. This helps to reduce torque and flux ripples [14] . The main problem of the traditional DTC scheme is the poor performance at low speed where stator flux estimation becomes strongly dependent on the stator resistance, as well as the poor performance at torque step changing. In order to improve the DTC-SVM performance, it is needed an advance control technique, such as fuzzy logic controller [15] .
In recent years, fuzzy systems are applied in wide range of academic and industrial fields such as modeling and control, signal possessing, medicine, etc. [16] . Fuzzy International Conference on Logistics Engineering, Management and Computer Science (LEMCS 2015) logic controller (FLC) does not need complex mathematical algorithms, which is based on the "IF THEN" linguistic rules. It is universal approximation and can be used to uniformly-approximate nonlinear continuous functions to arbitrary accuracy [17] . ChangMing Liaw and Jin-Biau Wang [18] developed a fuzzy controller for speed control feedback loop to obtain good dynamic rotor speed response. Sousa G C D, Bose B K, et al. [19] used fuzzy logic controller to improve the induction motor speed control system. Hossain A, et al. [20] proposed an integrated control model using an adaptive neuro fuzzy inference system for wind turbine power management strategy. They developed a fuzzy expert system with artificial neural network. Rafa S, Larabi A, Barazane L, et al. [21] implemented a real-time fuzzy vector control scheme using a digital signal processor board dSPACE 1104. However, the pure fuzzy control methods can not eliminate the steady state error of the system.
In this paper, an improved DTC-SVM scheme is proposed to improve the control performance of the DTC-SVM method at low speed, speed step changing and step torque changing. In the proposed DTC-SVM scheme, the Fuzzy-PI controllers are used in the flux, torque and speed control loops. The performances of the proposed DTC-SVM method are evaluated in the Matlab/Simulink platform. The simulation results show that the control performances of the proposed DTC-SVM scheme are improved compared with the traditional DTC-SVM method.
II. INDUCTION MOTOR MATHEMATICAL MODEL
In order to make it convenient to model three phase induction motor by mathematical equations, it is necessary to make the following assumptions. The motor is a symmetrical three phase motor and the rotor and stator windings are replaced by a concentrated coil. Only the fundamental harmonic is considered and all other losses except core loss and friction loss are ignored. The coil resistance and reactance are considered invariant. Based on these assumptions, the three-phase induction motor mathematical model can be expressed by the following equations.
The stator voltage vector equation in synchronous reference frame can be written as: 
Finally, the torque balance equation of the dynamic rotor rotation can be written by:
Where:  is the angular speed of the rotor, L T is the load torque, B is the viscous constant, and J is the inertia of the induction motor.
From (5) we can see that the electromagnetic torque is cross vector product between the stator and rotor flux vectors. If the sample time is short enough, the amplitude of the stator flux is generally kept constant at the reference value. Accordingly, the rotor flux is also kept constant because it changes slower than the stator flux. The electromagnetic torque can be controlled by changing the torque angle . And the angle can be easily controlled by choosing appropriate stator voltage space vector. This is the basic of DTC control method for the induction motors.
III. STRUCTURE OF THE PROPOSED DTC-SVM SCHEME
The block diagram of the proposed control scheme is presented in Fig. 1 . The speed, torque and flux magnitudes are controlled with closed-loop way. They are regulated by the Fuzzy-PI controllers respectively.
For the purpose of illustrate Fuzzy-PI controller structure used in the improved DTC-SVM scheme, the block diagram of the speed Fuzzy-PI controller is presented in Fig. 2 
IV. SIMULATION AND RESULTS
In order to verify the performance of the proposed improved DTC-SVM strategy, the simulation model is built and simulated in Matlab/Simulink platform. The switching frequency of PWM inverter is 5 kHz. The parameters of the induction motor are given in the table1. And the stator flux reference considered was 0.8 Wb which is the rated stator flux. For the purpose of investigating the effectiveness of the improved DTC-SVM system and checking the closed-loop stability of the whole system, several tests were performed with different operating conditions, such as starting up and step changing in the load torque. In the first case, the induction motor is under the control of DTC-SVM method with PI controllers. The reference speed is set at 500rpm at starting up. And after 0.8 seconds, a load torque of 500 N.m is applied on the induction machine. In the second case, the induction motor is under the control of DTC-SVM method with Fuzzy-PI controllers with the same operating conditions as the first case. The following figures illustrate the comparisons of the speed responses, stator currents and the electromagnetic torques of the two cases.
The speed response comparison is presented in Fig. 3 . It can be seen that the speed of the induction motor under the control of DTC-SVM method with Fuzzy-PI controllers is faster, which tends to reference speed with respect to that of the DTC-SVM method with PI controllers. And the speed change of the induction motor is not significantly in the case of DTC-SVM with Fuzzy-PI controllers when the load torque has a step change. But in the case of DTC-SVM with PI controllers, the speed change is significantly, and it needs 0.2 second to come back to the reference speed after the step change of the load torque.
The electromagnetic torque curves of the induction motor under the control of DTC-SVM method with PI regulators and the DTC-SVM method with Fuzzy-PI regulators are illustrated in Fig. 4 and Fig. 5 respectively.
In Fig. 4 , the electromagnetic torque curve has an upward or downward slope when the load torque of the induction motor has a step change. In Fig. 5 , the curve of the electromagnetic torque has a slight oscillation at the moment of load torque mutation. But, it quickly becomes a horizontal line (in about 0.04 second). The comparison of phase-A currents of the stators in the two cases is shown in Fig. 6 . The magnitude of stator current fluctuations in the two cases is nearly the same. But the stator current in the second case tends to sinusoidal wave under faster speed. The difference of the stator current is not obvious in steady state in both of the cases.
From the comparisons of the two cases mentioned above, it can be seen that the improved DTC-SVM method with Fuzzy-PI controllers has faster responses at the step changing of speed and electromagnetic torque. And the dynamic and steady state performance of it is better than the DTC-SVM schema with PI controllers. Moreover, the improved DTC-SVM method with Fuzzy-PI controllers has a better speed regulation performance with dynamic load torque.
V. CONCLUSIONS
This paper presents an improved DTC-SVM scheme with Fuzzy-PI controllers to control the three-phase induction motors. In this scheme, the speed, electromagnetic torque and stator flux are regulated with Fuzzy-PI controllers. When the error of the variable which needs to be controlled is relatively big, the corresponding fuzzy logic controller can select a larger value for the proportional gain of the PI controller. This will bring faster response speed for the control system. And when the error of it is relatively small, the fuzzy controller can select a relatively lager value for the integral gain of corresponding PI controller, which can help to eliminate the steady state error. This scheme is used to improve the dynamic performance of the conventional DTC-SVM method.
Simulations with the different operating conditions of the presented DTC-SVM scheme and conventional DTC-SVM scheme are carried out. According to the simulation results, the DTC-SVM with Fuzzy-PI controllers produced better performances in terms of response speed, flux regulation and speed regulation with dynamic load.
